ABSTRACT The pear psylla, Cacopsylla pyricola (Fö rster) (Hemiptera: Psyllidae), and related psyllids are important pests of pear (Pyrus spp.) worldwide. Many of these pests are thought to be partially controlled by predatory insects. To improve our understanding of the predator species that attack pear psylla, we developed monoclonal antibodies (MAbs) against this pest for predator gut content studies. Mice were immunized with homogenates of nymphal, adult, and egg stages of pear psylla. A mouse immunized with nymph homogenate showed high activity against all three antigen types and was used for MAb development. From 952 hybridomas screened, 35 showed good activity to pear psylla and low activity against nontarget arthropods. Four MAbs were retained: two from immunoglobulin M (IgM)-secreting hybridomas, both with high activity against all stages of psylla except young eggs, and two immunoglobin G-secreting hybridomas, both with high activity against psylla eggs and gravid adult females. Using one of the IgM-MAbs, pear psylla remains were detected in the predatory bugs Anthocoris tomentosus Pé ricart (Heteroptera: Anthocoridae) and Deraeocoris brevis (Uhler) (Heteroptera: Miridae) in laboratory feeding trials. Digestion half lives typically exceeded 24 h and were dependent on meal size and predator life stage. Gut content analysis of 970 Þeld-collected D. brevis and Anthocoris spp. showed that the proportion which fed on psylla averaged 59% and that percentage closely tracked the density of pear psylla nymphs during three seasons. The utility of these antibodies for the study of trophic interactions and habitat management in relation to biological control of pear psylla is discussed.
The pear psylla, Cacopsylla pyricola (Fö rster) (Hemiptera: Psyllidae), is a native pest of pears (Pyrus spp.) in northern Europe and an introduced and widely distributed pest of pears in North America. A closely related species, Cacopsylla pyri (L.), usually replaces C. pyricola as the dominant pest in southern Europe and closely related pest Psyllidae are found throughout temperate Eurasia (Horton and Unruh 2007) . Damage caused by pear psyllids arises as honeydew excreted by the nymphs falls on to the fruit, leading to fruit marking and reductions in value. The pear psylla has demonstrated rapid evolution of resistance to insecticides increasing the difÞculty to maintain integrated pest management programs for pear in both Europe and North America (Riedl et al. 1981) .
Many predatory insects attack pear psylla both in North America and in Eurasia. These include several predatory bugs (Heteroptera) in the Anthocoridae and Miridae, ladybird beetles (Coccinellidae), and green lacewings (Chrysopidae) (Madsen et al. 1963; Nickel et al. 1965; McMullen and Jong 1967; Westigard et al. 1968; Herard 1986; Solomon et al. 1989; Horton and Lewis 2000; Horton et al. 2002 Horton et al. , 2003 . In western North America and Western Europe pear production areas, these predators are often found in association with other potential predator species including various ants, the Mullein plant bug, Campylomma verbasci (Meyer) (Heteroptera: Miridae); the European earwig, Forficula auricularia L. (Dermaptera: ForÞculi-dae); and several spider species (Gut et al. 1982 , Lenfant et al. 1994 , Horton et al. 2002 .
Unfortunately, the relative importance of the various predator species in suppressing pear psylla is not clearly understood. Most Þeld studies of pear psylla consist of measurements of psylla and predator abundances, which provide only correlative evidence of which predators are important in biological control. There are a few studies that describe speciÞc predatorsÕ abilities to consume psylla in the laboratory (Brunner and Burts 1975, Hansen 1975) , and several studies using Þeld cages or open release of predators to demonstrate the capacity of predators to reduce Antigen Preparation. For antigen production, clean pear seedlings were placed in a screened cage with adult psylla of both sexes. Psylla were allowed to oviposit for 3 d. Egg-infested leaves were taken from the plants and eggs were removed from the leaves. Each egg-infested leaf was submerged in tap water in a glass petri dish and a #1 artist paint brush, with its bristles trimmed to 5 mm, was used to gently free the psylla eggs from the leaf into the water. Eggs were then concentrated onto a Whatman #3 Þlter paper disks using a Bü chner funnel. After rinsing and removal of debris, the eggs were allowed to air dry and then transferred into 2-ml cryo-vials and stored at Ϫ80ЊC. Third through Þfth instar psylla nymphs were individually picked from infested pear seedlings using a dull probe, rinsed in water, and transferred to dry on a Whatman #3 Þlter in a petri dish. Nymphs were frozen and transferred to cryo-vials and stored at Ϫ80ЊC. Adult psylla were collected from pear orchards using a beat tray and aspirator. Males were separated from females in the laboratory, transferred into cryovials, and stored at Ϫ80ЊC. Female psylla were not used in antigen preparation, because mature females were likely to contain developing or fully developed eggs.
Stage-speciÞc antigens were prepared by homogenizing psylla by stage in 1.5-ml microfuge tubes. Approximately 5 mg of a single psylla stage was placed in a tube and powdered with a plastic pestle over liquid N 2 . Next, 1 ml of 1ϫ phosphate-buffered saline (PBS), pH 7.2, was added and the contents homogenized with a sterile plastic pestle. The tube was then spun at 14,000 ϫ g for 10 min, and the clear supernatant was transferred to a clean tube. Six such tubes for each life stage were combined in a sterile 10-ml Falcon tube, mixed by inversion, and reallocated to clean 1.5-ml tubes to ensure equal concentrations. Protein concentrations of the homogenates were estimated using the Bradford assay (Bradford 1976 ) modiÞed for a microplate (reagent 500-0205, Bio-Rad, Hercules, CA). Protein concentrations of the stocks used for immunizations were 2.35, 1.69, and 1.95 g/l for psylla adult males, nymphs, and eggs, respectively. Antibody Development. Antibody production and initial hybridoma screenings were done at the Monoclonal Antibody Center, Department of Veterinary Microbiology and Pathology (DVMP) at Washington State University (WSU) (Pullman, WA). MAbs were further tested at the USDAÐARS YARL. Below we brießy outline the methods used for immunization, hybridoma production and isolation, and enzymelinked immunosorbent assay (ELISA).
Twelve BALB/c mice, in four groups of three mice, were injected with different antigens corresponding to different psylla life stages as follows: 0 Ð 48-h-old eggs, fourthÐÞfth instar nymphs, adult males, and a combination of these three antigen sources. Four subcutaneous injections consisted of 50 g of antigen in 200 l of adjuvant. Mice were immunized at 44, 65, 86, and 109 d after birth. Serum samples derived from tail bleeds taken before each immunization were tested for anti-psylla antibody titers by using indirect ELISA with the four antigens used for injection (see below for detailed ELISA protocols). A single mouse was selected for fusion based on high response to the three antigen types. Its spleen cells were fused with X63 Ag0.688 mouse myeloma cells by using standard methods (Hagler et al. 1992 (Hagler et al. , 1993 . Fused cells were dispersed into ten 96-well plates at near limiting dilution. After adequate growth, their supernatants (1:50 dilutions) were used as the primary antibody in indirect ELISA with adult, nymph, and egg antigens. The number of isolates was reduced to 34 based on the initial ELISA results, and four isolates were chosen based on additional screening against psylla antigens and against nontarget antigen sources, including pear leaves, pear psylla honeydew, other herbivorous insects and several predator species. The four chosen hybridoma lines (21, 28, 29, and 34) were isotyped (#iso2, Sigma-Aldrich, St. Louis, MO) and one antipsylla egg antibody (line 29) and one anti-psylla nymph (line 34) were expanded through ascites production under contract with the WSU-DVMP. Three replicates of each of these four hybridoma lines are cryogenically preserved at WSU-DVMP and at YARL.
Indirect ELISA. Indirect ELISA methods were multiply optimized, Þrst for screening of supernatants from hybridomas lines and then more thoroughly for the ascites. For tests of nontarget herbivores and predators, insects were homogenized in 100 Ð1,500 l of PBS, depending on their size (Ϸ1:20 wt:vol, insect/ PBS); 50 l of insect homogenate (hereafter antigen) was loaded individually into wells of 96-well polystyrene microtiter plates, covered tightly with ParaÞlm, placed into ZipLoc bags, sealed, and incubated at 4ЊC overnight or at 37ЊC for 2 h. After incubation, the antigen was removed and each well was Þlled with 300 l of milk blocker (2% nonfat powdered milk in distilled H 2 O), covered, and then incubated 1 h at 37ЊC. Blocker was removed and plates were washed using a standard format (three washes with PBS plus 0.05% Tween 100 and two washes with PBS alone). After washing, 50 l of antibody (1/1000 ascites ßuid in 1%milk, 0.05% Tween 100 in H 2 O or 100 l of serum or culture supernatant 1:50 in PBS) was added to each well, covered tightly, and incubated for 1 h at 37ЊC. Antibody was removed and washed followed by the addition of 50 l of 1:1000 goat anti-mouse alkaline phosphatase enzyme conjugate (-chain. A-9688, SigmaAldrich; 1% milk, 0.05% Tween 100 as diluent; with supernatant primary we used no Tween in diluent) and incubated 1 h at 37ЊC. Conjugate was removed followed by washing and 100 l of substrate solution (1.0 mg/ml p-nitrophenyl phosphate substrate [Sigma N1891] in 1 M diethanolamine, pH 9.8) was added to each well. Absorbance of enzyme product was read at 30, 60, and 90 min at 405-nm wavelength with a microplate auto-reader (model EL311, BioTek Instruments, Winooski, VT).
The overall ELISA protocol for the preliminary screening of putative MAbs by using supernatants and evaluating mouse serum was as described above, except that Tween 100 was used only in the washes. In preliminary screening of serum from tail-bleeds and supernatants of putative hybridoma clones, positive test antigens were the same as those used for immunization in 1:200 dilutions. The primary antibody consisted of 1:50 dilutions of serum or "grow-to-die" (GTD) supernatant from hybridomas. Nontarget evaluations used GTD supernatant as antibody and clariÞed homogenates of the arthropods listed above as negative controls, ensuring that they had no previous contact with pear psylla. Positive controls consisted of 1:200 dilutions in PBS of a psylla adult; negative controls consisted of the same species of predator as being tested but with no history of psylla feeding. Ascites of MAb34 was used for evaluating all feeding trials and Þeld collected predators.
Western Blot Analysis. Soluble proteins were extracted from eggs, nymphs, adult males, or adult females by homogenization in PBS containing a protease inhibitor cocktail (Complete Mini, Roche Applied Science, Indianapolis, IN). The homogenates were clariÞed by centrifugation for 10 min at 20,000 ϫ g in a microfuge. Protein concentrations were determined using the Bio-Rad Protein assay by using the microassay with bovine serum albumin as the standard. Polyacrylamide electrophoresis and transfer to polyvinylidene dißuoride (PVDF) Þlters were done using the NuPAGE Bis-Tris electrophoresis system (Invitrogen, Carlsbad, CA) as follows. Soluble proteins (10 g) were denatured with NuPAGE LDS sample buffer and reducing agent (Invitrogen; 106 mM Tris-HCl, 141 mM Tris base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 50 mM dithiothreitol, 0.22 mM SERVA blue G250, and 0.175 mM phenol red, pH 8.5) and heated at 70ЊC for 10 min. After treatment, the denatured protein samples and molecular weight (MW) markers (MagicMarkers XP, Invitrogen) were separated on 4 Ð12% NuPAGE Novex Bis-Tris gels (Invitrogen) by polyacrylamide gel electrophoresis in 3-(N-morpholino)-propanesulfonic acid (MOPS) SDS running buffer (50 mM MOPS, 50 mM Tris base, 0.1% SDS, and 1 mM EDTA, pH 7.7) and then tank transferred to methanolactivated PVDF Þlters (OWL Separation Systems, Portsmouth, NH) in NuPAGE transfer buffer (25 mM Bicine, 25 mM Bis-Tris [free base], and 1 mM EDTA, pH 7.2) containing 20% methanol. After transfer, the PVDF Þlters were rinsed with Tris-buffered saline (50 mM Trizma base and 150 mM NaCl, pH 7.5) containing 0.1% Tween 20 (TBST) and then blocked with a solution of 3% dry milk (Bio-Rad) and 2% goat serum (Sigma-Aldrich) in TBST at 4ЊC, for 1 h. The monoclonal antisera (MAb34) or (MAb29) were added directly to the blocking solution (Þnal dilution 1:1,000) and incubated at 4ЊC overnight. After rinsing with TBST, the blots were washed four times, 20 min each, with fresh TBST, and then transferred to fresh blocking solution. Secondary antibody (goat antimouse immunoglobulin [Ig]G or IgM conjugated to horseradish peroxidase, Sigma-Aldrich) was added to a Þnal dilution of 1:10,000 (vol:vol) for incubation 2 h at room temperature. After washing four times, 20 min each, with fresh TBST, the immunoreactive proteins were detected with the ECL Western Blotting System (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), and the chemiluminescence was visualized with the Alpha Innotech (San Leandro, CA) imaging system.
Feeding Trials and Assessments of Predation in the Field.
To demonstrate the sensitivity of the MAb34 antibody for detection of recent feeding on psylla by predators we determined the time duration after a predation event over which psylla could be detected in the guts of two predatory bugs, A. tomentosus and D. brevis. Our purpose was to test how probability of detection was affected by four major factors: predator species, predator life stage (adult or nymph), meal size (one or three psylla nymphs), and time since last feeding. Before conducting a feeding test, bugs were individually isolated in four dram glass vials with a piece of clean bean leaf (to provide liquid nourishment and maintain humidity) and were kept without insect food for 48 h. Subsequently, feeding by individual predators was observed in a transparent arena consisting of a sandwich of three pieces of 0.5-by 6-by 10-cm Perspex with the middle piece of Perspex having a 4-cm-diameter hole in its center. The top layer of the arena was opened and two to Þve Þfth instar psylla nymphs were added. After prey addition, a large nymph or adult of A. tomentosus or D. brevis was added. The predators in 10 Ð15 arenas were monitored and when each predator Þnished its Þnal prey item (either its Þrst or third prey) the predator was moved from the arena to a clean 1.5-ml microfuge tube. Predators were then frozen immediately at Ϫ20ЊC or allowed to digest the prey (without additional feeding on a nontarget food) for a Þxed period of time before freezing. The feeding assays were conducted at room temperature (21Ð23ЊC) under continuous light.
Field-collected predators also were assayed, to assess whether positive scores (i.e., evidence of having fed on pear psylla) tracked seasonal changes in densities of pear psylla nymphs. Anthocoris spp. and D. brevis were collected from an unsprayed pear orchard by using beating trays and aspirators. After collecting 10 Ð20 predators, the aspirator vial was placed in an ice chest and kept cool until returned to the laboratory and then frozen at Ϫ20ЊC. On dates that predators were collected, 50 pear leaves were also collected from the orchard and returned to the laboratory to determine the number of psylla nymphs per leaf. More than 900 bug predators were collected on eight dates in 2004, seven dates in 2005, and Þve dates in 2006.
Before homogenization for ELISA, predators from digestion and Þeld studies were removed from tubes in which they were frozen, rinsed brießy in clean tap water, blotted dry, and moved to a clean 1.5-ml tube for homogenization. The water rinse was used because pilot studies showed that prey signal can be detected in predator feces (100-l rinses of three of four tubes where D. brevis had digested psylla for 24 Ð32 h proved positive by ELISA) and in honeydew (10 of 88 D. brevis that had never been in contact with psylla when homogenized with 1 l of fresh psylla honeydew were positive by ELISA). We saw no evidence of false positive arising from rinses with tap water. Predators were homogenized in 100 l of PBS by using a sterile plastic pestle and 50 l of the homogenate was used in the ELISA as described above. Homogenates from three or more starved predators and three or more PBS control wells were used as negative controls in each plate.
Data Analyses. Absorbance readings at 405 nm from ELISA by using mouse serum and hybridoma supernatants were corrected for absorbance in PBS control wells and are presented graphically. For feeding trials and Þeld-collected predators, ELISA values were deemed positive when the optical density readings were four standard deviations above the mean for the control insects (starved conspeciÞc predators) providing a conservative estimate of the positive threshold (Sutula et al. 1986 ). The digestion data were analyzed with generalized linear mixed model for a binomial response variable (i.e., yes/no scores from the ELISA) in PROC GLIMMIX (SAS Institute 2002Ð 2004 , Littell et al. 2006 , with time of digestion in hours included as a continuous variable and predator stage (nymph or adult) and meal size (one or three nymphs) included as class variables. A stepwise method was used to Þt the models, beginning with the three-way interaction (digestion time ϫ meal size ϫ predator stage) and all two-way interactions. NonsigniÞcant interactions involving the continuous variable (digestion time) were then discarded. The Þtted models were then used to obtain least squares means for each combination of variables and the Þtted curves were used to provide estimates of the half-lives. Data for the two predator species were analyzed separately.
Results
Immunity Development, Hybridoma Production, and Testing. The mice injected with pear psylla antigens developed immune responses to psylla antigen as measured by ELISA. The Þnal tail bleed showed that the response levels generally corresponded to the antigen used to immunize the mice (Fig. 1) . Relatively higher responses to egg or adult antigen were observed in mice immunized with egg or adult homogenates, respectively. However, serum antibody responses of mice immunized with nymph antigens showed less consistent patterns and the responses of mice immunized by the composite antigen was clearly greatest to the egg antigen. Importantly, a signiÞcant mouse to mouse variation in response intensities within all immunization classes was observed (Fig. 1) . Based on relatively high responses to the three discrete antigen types, mouse nine was selected for monoclonal antibody production. In addition to showing the highest response to nymph and adult (male) psylla antigens, mouse nine serum showed the highest absorbance with egg antigens except for mice immunized with pure eggs.
In total, 952 hybridoma cultures were created in the fusion from mouse nine spleen cells. These were reduced to 35 cell lines based on their reactions with the egg, nymph or adult psylla antigens. Four cell lines were ultimately selected for cloning by dilution based on their high responses to psylla antigens and low responses to nontarget insects including predators. Figure 2 summarizes the response of antibodies derived from these four monoclonal cell lines against the same puriÞed psylla antigens we used for immunizations. Two MAbs, 28 and 34, were IgM isotypes and showed high activity and afÞnity to all stages of pear psylla except young eggs. MAb21 and 29 were IgG isotypes and showed high and selective activity against pear psylla eggs and gravid adult females. These were not tested against eggs of other psyllids. Like many IgMs, MAb28 and 34 showed signiÞcant nonspeciÞc binding in preliminary ELISA tests (not shown), which was controlled by addition of Tween 100 (0.05%) to several steps of the optimized ELISA protocol as described in the materials and methods.
Multiple nontarget insect species were tested using GTD supernatant in the optimized ELISA by using the four MAbs to demonstrate speciÞcity to pear psylla and another psyllid species, and lack of response to nontarget species (Fig. 3) . The MAbs showed afÞnity only to the two members of the family Psyllidae with only slightly higher activity to C. pyricola compared with the unidentiÞed psyllid from bitter-brush. These results suggest that these MAbs may be useful for not only C. pyricola, but also congeneric species such as C. pyri and C. bidens in the Old World and other pest Cacopsylla spp. from other geographic areas. Because of similarity in the response proÞles to the various antigens of MAb28 and 34 (IgM) compared with MAb21 and 29 (IgG) (Figs. 2 and 3) , we suspect that these represent two duplicate pairs. Hence, ascites were made only to MAb29 as the anti-egg IgG and MAb34 as the anti-nymph IgM classes. Subsequent studies using ascites of MAb34 found no signiÞcant cross-reactivity with A. antevolens, O. tristicolor, H. convergens, C. plorabunda, C. rufilabrus, and A. fabae (data not shown), and we used MAb34 exclusively for digestion studies, and Þeld evaluations (see below).
Detection of Psylla Antigens by Western Blot Analysis. Ascites ßuid containing MAb29, an IgG-speciÞc to psylla eggs, and MAb34, an IgM speciÞc to all psylla stages, were used on immunoblots to visualize the protein(s) recognized by the antibodies. A speciÞc protein of 37 kDa was detected consistently with MAb29 in extracts from eggs and gravid females (Fig.  4A) . We suspect that the protein detected in gravid females is derived from the eggs contained within the abdomen. In contrast, MAb34 reacted with several protein bands in eggs, nymphs, and adult males and gravid females, making interpretation of these results speculative (Fig. 4B) . Overall, the results of the im- MAb 21
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Fig. 2. Absorbance readings from ELISA for four putative monoclonal antibodies to pear psylla antigens by using 1:50 dilutions of supernatant as primary antibody in the indirect ELISA (mean Ϯ 1 SE). Comp, composite. munoblots are consistent with the speciÞcities obtained by ELISA (Fig. 3) , that is, MAb29 reacts speciÞcally with psylla egg and MAb34 reacts with all stages, especially nymphal and adult stages.
Factors Affecting Prey Detection. Proportion of predator specimens scoring positive for psylla remains declined signiÞcantly with increasing digestion time in both A. tomentosus and D. brevis (Tables 1 and 2 ; Fig.  5 ) as detected by ELISA with MAb34. Both meal size and predator stage affected the probability of detecting the prey signal (Tables 1 and 2 ). Larger meals delayed loss of signal in both predators, as shown in Fig. 5 and by least squares means estimated from the models in Tables 1 and 2 . Thus, mean Ϯ SEM proportion of D. brevis scoring positive for the prey signal was 0.39 Ϯ 0.06 for one prey consumed and 0.63 Ϯ 0.08 if three prey were consumed. In A. tomentosus, the estimates are 0.56 Ϯ 0.07 and 0.80 Ϯ 0.05, for one and three prey, respectively. Predator life stage also signiÞcantly affected whether the prey signal was detected. For both species, probability of detecting the prey signal was higher in nymphal predators than adult predators (Tables 1 and 2 (Table  1 ) was due to the rapid drop in signal beginning at Ϸ24-h digestion in predators that consumed three prey, relative to the much ßatter curve shown in predators that consumed one prey (Fig. 5) . The half-life of the prey signal varied between Ϸ28 and 50 h for A. tomentosus (depending upon predator stage and number of prey consumed) and between 4 and 38 h for D. brevis (Fig. 5) .
Gut Content Analysis (GCA) of Field-Collected
Predators. Gut contents were analyzed by ELISA in 438 Anthocoris spp. individuals and 532 D. brevis individuals collected over three growing seasons by using the MAb34 IgM antibody (Fig. 6) . The proportion of the two predatory bugs that showed psylla signal averaged 59% for each species and closely tracked the abundance of pear psylla in the orchard through the three sample years (Fig. 6) . Even when pear psylla nymphal densities were below one psylla nymph per leaf, predator gut contents often seemed highly positive (4 Ð55%, depending on date). The large percentage values observed in spring may reßect predator feeding on psylla eggs, because this stage was very abundant at that time (data not shown); MAb34 readily detects eggs, albeit less strongly than it detects other stages.
Discussion
The effects of predators on insect populations are often difÞcult to estimate because predators leave little evidence. Approaches to demonstrate predation by speciÞc species, to estimate the effects of predation on prey population trajectories, and to quantify insect predation broadly include (Luck et al. 1988 ) direct observation of predation events (e.g., Pfannenstiel and Yeargan 2002) , declines in pest densities after releases of predators (reviewed in Sigsgaard et al. 2006) , and morphological or biochemical estimation of gut contents (Harwood and Obrycki 2005) . Of these approaches, only predator release studies have been used previously with pear psylla. Fig. 3 . Bars depict absorbance readings in indirect ELISA with four putative MAbs used as primary antibody and antigens from nine insect species. Grow to die supernatants were used as the primary antibody source; the dotted lines represents the mean plus 3 SD calculated over all nonpsyllid insects assayed.
Because of pear psyllaÕs small size and the diversity of predators which attack it, direct observation and manipulation approaches are arguably less efÞcient and more demanding in the Þeld compared with GCA (Harwood and Obrycki 2005) . Morphological identiÞcation of gut contents has been used for Ͼ100 yr for large predators with chewing mouthparts and remains the largest body of work for GCA of carabids and other large beetles. Recently, there has been a shift to biochemical methods for insect GCA (Sheppard and Harwood We assayed 143 predators and included both adult and nymphs that fed on either one or three psylla nymphs. Digestion times included 0, 8, 16, 24, 32, 40 , and 48 h. See Fig. 5 for Þtted models and observed values. We assayed 145 predators and included both adult and nymphs that fed on either one or three psylla nymphs. Digestion times included 0, 8, 16, 24, 32, 40 , and 48 h. See Fig. 5 for Þtted models and observed values.
ods are necessary for GCA with predatory bugs and lacewings, because these predators ingest prey ßuids, and may even liquefy a prey specimen before it is ingested (Cohen 1995) . A variety of biochemical methods have been used in the Þeld (Symondson 2002, Harwood and Obrycki 2005) with serological detection using prey-speciÞc polyclonal or monoclonal antibodies represented most widely. More than 50 yr ago, Dempster (1960) used the precipitin antibody test to screen many thousands of Þeld-collected predators for the presence of egg antigen of the broom beetle, Phytodecta olivacea Forster, to better understand the trophic dynamics of the arthropod community on Scotch Broom, Cytisus scoparius (L.). Subsequently, many workers have developed monoclonal antibodies for insect predator GCA, but only a few of these have analyzed signiÞcant numbers of predators to study ecological relationships in the Þeld. Recently, Hagler and Naranjo (2005) estimated the inßuence of insecticide use on predator feeding frequencies on the whiteßy, Bemisia tabaci (Gennadius), in cotton, Gossypium hirsutum L., Þelds (Ͼ30,000 specimens). In an earlier study Hagler 1998) , they estimated the relative importance of two coleopteran predators attacking whitetly and pink bollworm, Pectinophora gossypiella (Saunders), eggs in cotton. Recently, Harwood et al. (2007) used a dipteran-speciÞc MAb to measure the inßuence of alternative host availability on the on spider feeding preferences for dipteran prey.
Also recently we have seen a signiÞcant number of studies using polymerase chain reaction (PCR) to detect prey DNA for predator GCA. Both serological and PCR-based approaches to GCA are extremely sensitive, and both have proven valuable in ecological investigations (Symondson 2002) . With available or easily obtained DNA sequences from the prey and several nontarget taxa, prey-speciÞc DNA primers can be designed and GCA studies by using PCR can begin. However, the costs of DNA extraction and PCR remain high, Ͼ$2.00/specimen (excluding labor) in our laboratory. In contrast, to develop monoclonal antibodies, as we have done here, requires many months and signiÞcant expenses in both materials and labor associated with care and use of the vertebrate sources of the antibodies, screening thousand of putative clones, and ELISA optimization studies. Another caution, the responses of the mice to the immunizations with crude psylla homogenates were idiosyncratic, as seen in Fig. 1 , suggesting there is a nontrivial probability of failure when developing MAbs, particularly if only one or two mice were used. Thus, there is a much higher investment to develop MAb(s) than develop and test PCR primers, suggesting PCR may be better suited for smaller, or more descriptive studies, such as clarifying the roles of the species in a trophic web. Multiple PCR primers to amplify psylla-speciÞc DNA sequences were developed by Unruh and co-workers and have been tested in various ways (Agustṍ et al. 2003b ; T.R.U., unpublished data). However, we found that PCR was too expensive for larger Þeld studies such as seasonal dynamics of feeding by speciÞc predator species (i.e., Fig. 6 ), estimating relative impacts of key predators, or evaluating habitat perturbations that require analyzing many specimens. The Þeld study presented here required only a few hundred dollars and Ͻ2 wk to homogenize and assay the specimens by ELISA. In sum, once developed and optimized, ELISA using MAbs can be far superior to PCR for highthroughput Þeld studies, because it is more rapid than PCR, less critical in execution, and far less expensive per specimen.
Although ELISA provides a measure of target antigen concentration, this information has not proven useful in quantifying predation rates because the strength of the prey signal depends both on meal size and time of the last feeding event, as shown in Fig. 5 (see also Naranjo 1996, Naranjo and Hagler 2001) . The signal is also dependent on the ratio in sizes of predator and prey, i.e., with large predators, overloading of the wells in the ELISA plate with predator protein can create competition for binding sites between prey antigens and predator proteins . Other factors that may inßuence antigen detection by ELISA include feeding efÞciency and digestion rates, species differences, predator life stage, sex, and physiological condition, and prey life stage or size (Lovei et al. 1985 (Lovei et al. , 1987 (Lovei et al. , 1990 Hagler et al. 1992 , 1993, 1994). Four of these factors (species, digestion time, meal size, and predator life stage) were shown to be important in our laboratory study with A. tomentosus and D. brevis. Digestion rate of prey signal is also well known to be a function of temperature (Hagler and Naranjo 1997), but this variable was not tested in this study. The temperature at which we measured digestion in the two bugs approximated the average daily temperatures observed for July and August in Yakima, WA; we would expect longer digestion halflives in the cooler temperatures of spring and fall.
Overall, the relatively high percentage of positive detection in these two bugs may reßect both these long digestion intervals and the fact that they may consume many prey each day (Brunner and Burts 1975, Unruh and Higbee 1994) . A second factor that might account for higher than expected positives in the predators is the potential for prior predation on another psyllid, such as that found on bitterbrush, before entering the study orchard. We were aware of this potential and are conÞdent that nonorchard plants and trees with their attendant psyllids were not abundant enough near our study site to be of concern. Furthermore, at least half of the predatory bugs we assayed were nymphs and could not have moved from distant sources. A last factor that may have increased detection frequency is secondary predation, that is, bugs preying on other predators which in turn were full of psylla. Previous studies indicate this bias can occur under special conditions (Harwood et al. 2001 , but those same studies suggest it would not occur at a high frequency. For now, we discount both nontarget prey and secondary predation as important biases in our studies.
The two bug species we assayed are relatively small, but pear psylla is also attacked by larger predators, including ladybird beetles, lacewings, and especially earwigs ). We have not yet developed double antibody sandwich ELISA for our pear psylla antibodies, but given the potential importance of larger predators in this system it may signiÞcantly increase the sensitivity of our assays , Fournier et al. 2006 . When considering all the limitations of ELISA for GCA, we infer that its least problematic use lies in measurement of the proportion of predators that have fed on prey in comparative studies as described below. However, various approaches to correct for the confounding of meal size and time since feeding through the use of functional response models (Naranjo and Hagler 2001) or by using estimates of antigen concentration (Sopp et al. 1992 ) may provide useful increases in resolution, particularly where an objective is to rank the relative importance of two or more predators.
Recently, GCA has supported fairly direct testing of ecological hypotheses. Harwood et al. (2004) used a MAb to test how the level of predation (as measured by the presence of aphid signal) in two taxa of spiders was inßuenced by the availability of alternative collembolan prey. Spiders showed higher rates of predation on aphids (more frequently positive) during periods of low Collembola density. Harwood et al. (2004) also saw differences between spider taxa: Eriogoninae were more responsive to collembolan densities than were Linyphiinae. However, they also proposed that although the Collembola may represent a sink in the short term, these prey are a resource that helps maintain spider densities. They suggested that their study would have been stronger if predator densities had been assessed; we add that it would have been more powerful if the collembolan signal was also measured in predators in addition to that of aphids. Such multiple assays are now possible in the aphidÐ Collembola system described with the availability of collembolan PCR primers (Agustṍ et al. 2003a ).
In the pear psylla system, such source sink relationships may be found if predators develop in nonorchard habitats or the orchard ground cover, and then colonize pear trees to feed on psylla. The abundance and diversity of predators associated with pear psylla in orchards are known to be inßuenced by proximity to surrounding habitats (Miliczky and Horton 2005) and to how the orchard understory is managed (Fye 1983 , Horton et al. 2003 . These studies suggest that modiÞcation of pear orchards to incorporate elements of feral habitats, such as broad leaf plants that harbor alternate prey for predators, may lead to increased biological control of pear psylla. Recent studies testing the value of legume understory to enhance aphids in the ground cover suggest there is an increase of predator diversity and abundance in the understory that then spills over into the tree canopy (D.R.H. and T.R.U., unpublished data). Ongoing studies are using MAb34 developed here for predator GCA in pear orchards with and without enriched understory, together with a careful monitoring of predator and psylla densities in the pear trees. In support of these studies, we are developing antibodies to the supplemental aphid host in the legume-rich understory, the pea aphid, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), and have developed PCR primers for pea aphid (T.R.U. and D.R.H., unpublished data). We are optimistic that the combined use of primary and alternate prey antibodies in GCA will allow us to identify prey preference proÞles throughout the season and with accurate population density data gain a much clearer picture of the contribution of understory management to pear psylla biological control.
